We present procedures for determining theophylline in 50 l of serum. The drug is extracted into a small volume of solvent that contains an internal standard, 8-chlorotheophylline. The extract is analyzed by isocratic reversedphase chromatography, with measurement of eluted theophylline at 273 nm. Day-to-day reproducibility within 5% is attainable for the concentration range 5-20 mg/liter. Other xanthines and related metabolites do not interfere. Sensitivity is 1 mg/liter. The correlation coefficient, when results by a spectrophotometric procedure were compared, was 0.989. Amobarbital, secobarbital, phenobarbital, and diphenyihydantoin do not interfere.Totalanalysis time for a single sample is 15 mm.
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The clinical response to theophylline may be better related to plasma concentration of the drug than to dosage (1) .
Spectrophotometric
(2), gas-chromatographic (3), and liquid-chromatographic (4-6) procedures have been described for determining the drug in plasma. Particularly in extending the use of theophylline to the treatment of apnea in infants (7) , one often needs to be able to determine theophylline on the smallest possible volumes of sample.
Ultraviolet spectrophotometric methods require relatively large sample volumes, extensive manipulation and, preferably, background absorption corrections at a second wavelength to minimize potential interferences (2) . Some gas-chromatographic methods (3) are sensitive and specific but require derivatization, which demands additional manipulation and expertise. The cation-exchange high-pressure liquid-chromatographic method of Weinberger and Chidsey (4) 
Materials and Methods

Instrument and Instrumental Conditions
We used a liquid chromatograph (Perkin-Elmer Model 601) with a Model LC 55 detector, a 10-mV recorder, and a reversed phase column, 0.25 m X 2.6 mm, packed with 13 sm (av particle diameter) octadecyl silica (Perkin-Elmer
ODS-Sil-X-I).
Data reductionwas done by use of the PEP II data processor (Perkin-Elmer). The column was eluted with a mixture of 480 ml of water, 10 ml acetonitrile, and 10 ml of a solution of acetic acid in water (1/99 parts by vol). The flow rate was 1.5 ml/min, the column oven temperature 55 #{176}C. The detector was operated at 273 nm.
Reagents
We obtained theophylline, theobromine,and caffeine from Eastman Kodak, Rochester, N. Y. 14650,and 8-chlorotheophylline, 3-methylxanthine, hypoxanthine, xanthine, 1,3-methyl uric acid and 9-hydroxyethyl theophylline from ICN Pharmaceuticals, Inc., Plainview, N. V. 11803.
Acetonitrile, ultraviolet grade, distilled in glass, was from Burdick and Jackson Laboratories, Inc., Muskegon, Mich.
49442.
Chloroform, isopropanol and methanol, "Spectroqual- 
Results and Discussion
We evaluated various chromatographic conditions by chromatographing a mixture of theophylline, theobromine, caffeine, and 8-chlorotheophylline, methanol, varying the composition of the mobile phase, the pH, and the column temperature. Mobile-phase variation included acetonitrile/water ratios of 0/100,2/98,5/95, 10/90, and 20/80 parts by volume. Elution order ofthecompounds was unaffected, but retention times and resolution of theobromine and theophylline were affected. Although a mobile phase containing no acetonitrile will elute theophyllmne, added acetonitrile in the mobile phase shortens the retention time. With too-high proportions of acetonitrile (>6%) there is a corresponding loss of resolution of theobromine and theophylline.
The effect of column temperature was evaluated over a range 25 to 70 #{176}C. Higher temperatures improve column efficiency, giving a higher theoretical plate count for theophylline as temperature is increased. The temperature we elected to use in the procedure is 55 #{176}C. This is high enough to avoid ambient variation and gives adequate column efficiency for the analysis. The effect of pH was most marked for the internal standard, 8-chlorotheophylline.
We could adjust the retention time of this compound almost at will by adjusting the pH of the mobile phase. At pH 7.5 the retention time of the internal standard relative to theophyllmne is 0.43; at pH 6.5 it is 1.59; at pH 4.5 it is 1.45. We elected to use pH 4.5 routinely so that the internal standard eluted after theophyffine, where the detector indicated the virtual absence of interference from normal components of serum. Also, theobromine and theophylline are best resolved at this pH. The detector wavelength, 273 nm, is the absorbance maximum for theophylline. We compared absorbances at this wavelength and at 254 nm, the wavelength characteristically used in fixed wavelength detectors. Although 254 nm is usable, the absorbance is only about 35% of that at 273 nm (254 nm is on the ascending shoulder of a symmetrical peak; the corresponding point on the descending side is at 290 nm).
Under the finally-adopted chromatographic conditions, Figure 1 shows the resolution of the mixture of theophylline, theobromine, caffeine, and the internal standard (0.1 g of each compound).
Quantitation.
We used peak area ratios of theophylline to internal standard as the basis for quantitation.
To determine linearity, we measured, in duplicate, sera containing added theophylline at concentrations of 1, 2,5, 10,20, or 25 mg/liter. The peak area ratios were calculated, the duplicates averaged, and peak area ratio was plotted vs. concentration. Figure 2 shows that the linearity of the plot was excellent over this range.
Patients' specimens. The procedure was evaluated for patients' sera. Figure 3 shows characteristic chromatograms of sera. The concentration of theophylline in the serum depicted in Figure 3B was calculated to be 7.6 mg/liter, that in serum 3C 15.1 mg/liter. These may be compared with a theophylline-free serum 3A. Both A and B show a peak with a retention time equal to that of caffeine.
Reproducibility. We obtained within-run CV data by analyzing 10 aliquots each of two sera containing ingested theophylline, processing 50-il aliquots during one day. We evaluated day-to-day precision by taking aliquots of each serum on a daily basis for 20 working days. Table 1 gives both sets of data.
Accuracy.
We evaluated the accuracy of the procedure by using sera from 15 patients who were on therapy with theophyllmne. With these, we did both the liquid-chromatographic procedure and a standard spectrophotometric procedure (2). These results are shown in Figure 4 . The linear regression Recovery.
Serum could be analyzed by direct injection, but
we found that early clogging of the column (by protein?) made routine use of direct injection impractical. Use of ultrafiltrates (6) has been proposed to eliminate this problem. Because of the large sample volume requirements associated with this technique, we decided instead to extract the sample. Our extraction procedure is rapid, because only small volumes of sample and solvent are used. The theophylline partitions evenly through the aqueous and solvent phases, recovery being largely dependent on the volume of solvent used. We studied recovery of theophylline from serum-based controls containing 5 mg and 20 mg/liter concentrations of theophylline. Analytical recoveries were 78 ± 2% and 79 ± 2%, respectively (average for six samples at each concentration).
Detection limit. The detection limit of the procedure at the 95% confidence level is 5 ng of theophylline.
For a 50-Ml test sample containing 1 mg of theophyllmne per liter, the quantity of drug injected onto the column will be about 20 ng, after allowing for pretreatment losses. Under the instrumental conditions described, an absorbance of 0.006 was obtained for this quantity of drug. This is readily measured and, corresponding to 1 mg/liter, is well below the lower limit of the accepted therapeutic range, 5-20 mg/liter. scribed. This suggests the need to change the mobile phase to a higher concentration of organic solvent at regular intervals to elute compounds that may have been retained by the column. For this purpose, we use a 20-mm elution of the columns with acetonitrile/water (5/50 by vol) before each day's analyses.
Background.
Column stability.
Column stability, perhaps because of the generallymild analytical conditionsand the chemically bonded liquid phase, is excellent. The useful life of a column is largely limited by mechanical phenomena such as settling of the packing material and a gradual increase of column back-pressure to exceed pumping capability. The first may be remedied by introducing additional packing into the dead volume at the top of the column. The second effect usually indicates clogging of a porous plug column closure; replacement of this generally reduces the back-pressure.
In our laboratory several hundred analyses were done before column replacement was required.
In summary, the separation on the column optimizes the presentation of the analyte to the spectrophotometric detector. Extraction with suitable solvents, including back extraction, followed by wavelength-corrected spectrophotometry 
